Sputnik Planum (SP) is the most prominent geological feature on Pluto revealed by NASA's New Horizons mission. It is a ~900,000 km 2 oval-shaped unit of high-albedo plains ( Fig. 1a) set within a topographic basin at least 2-3 km deep (Fig. 1b) . The basin's scale, depth and ellipticity (~1300 x 1000 km), and rugged surrounding mountains, suggest an origin as a huge impact -one of similar scale to its parent body as Hellas on
From New Horizons spectroscopic mapping, N2, CH4 and CO ice all concentrate within Sputnik Planum 3 . All three ices are weak, van der Waals bonded molecular solids and are not expected to be able to support appreciable surface topography over any great length of geologic time 4, [8] [9] [10] , even at the present surface ice temperature of Pluto (37 K ) 1 .
This is consistent with the overall smoothness of SP over 100s of kilometers (Fig. 1b) .
Convective overturn that reaches the surface would also eliminate impact and other features, and below we numerically estimate the time scale for SP's surface renewal.
Quantitative radiative transfer modeling of the relative surface abundances of N2, CH4, and CO ices within SP 11 shows that N2 ice dominates CH4 ice within SP, especially in the central portion of the planum (the bright cellular plains) where the cellular structure is best defined topographically (Fig. 1d ). Ices at depth need not match the surface composition, but continuous exposure (such as by convection) makes this more likely. N2
and CO ice have nearly the same density (≈1.0 g/cm 3 ), whereas CH4 ice is half as dense 2 .
Hence water ice blocks can float in solid N2 or CO, but not in solid CH4. Water ice has been identified in the rugged mountains that surround SP 3 , and blocks and other debris shed from the mountains at SP's periphery appear to be floating 2 ; moreover, glacial inflow appears to carry along water-ice blocks, and these blocks almost exclusively 
where D is the thickness of the convecting layer, k is the thermal diffusivity, g is gravity,
r the ice layer density, a the volume thermal expansivity, DT the superadiabatic temperature drop across the layer, and A is the preexponential constant in the stress strain-rate relationship, E* is the activation energy of the dominant creep mechanism, and R is the gas constant.
The critical Rayleigh number depends on the temperature drop and the associated change in viscosity 13 , as deformation mechanisms are activated processes. For a given DT, the Racr implies a critical or minimum layer thickness, Dcr, below which convection cannot occur. This is illustrated in Fig. 3 for N2 ice. We assume an average ice surface temperature of 36 K set by vapor-pressure equilibrium over an orbital cycle 14 , and an upper limit on the basal temperature set by the N2 ice melting temperature of 63 K (ref.
15). From Fig. 3 we conclude that convection in solid nitrogen on Pluto is a facile
Accepted for publication in Nature, This is very deep, and much deeper than any likely impact basin, especially as the surface of SP is already at least 2-3 km deep compared with the rest of Pluto (Fig 1b) . The deepest impact basins of comparable scale known on any major icy world are on Iapetus, a body of much lower density (hence lower rock abundance and heat flow) and surface gravity than Pluto. Gravity scaling from basins on Iapetus
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, we estimate the SP basin was initially no deeper than ~10 kilometers total (that is, before filling by volatile ices or any isostatic adjustment).
The solution to this apparent problem is likely the temperature dependence of the N2 ice viscosity. Given that the maximum DT across the SP N2 layer is 27 K, the maximum corresponding Arrhenius viscosity ratio (Dh) for the experimentally constrained activation energy is ~150 (Methods); if we adopt the (larger) activation energy for volume diffusion
21
, this ratio potentially increases to ~2 x 10
5
. This potential range in Dh strongly suggests that SP convects in the sluggish lid regime 5, 13, 22 . In sluggish lid convection the surface is in motion and transports heat, but moves at a much slower pace than the deeper, warmer subsurface. A defining characteristic of the sluggish lid regime -depending on Rab (the Rayleigh number defined with the basal viscosity) and Dhare large aspect ratio convection cells. This differs from isoviscous convection in which the aspect ratios are closer to one, or at the other end of the viscosity contrast spectrum, stagnant lid convection, in which aspect ratios are again closer to one but confined ("hidden") beneath an immobile, high-viscosity surface layer.
We illustrate such temperature-dependent viscosity convection numerically, using the finite element code CitCom 22 (a typical example is shown in Fig. 4 ). Given that N2-Accepted for publication in Nature, 19 April 2016 7 ice rheology is imprecisely known (unlike well-studied geological materials such as olivine or water ice), we survey different combinations of Rab and Dh in a Newtonian framework (similar to previous work 5, 22 ), but with a rigid (no-slip) lower boundary condition appropriate to the SP ice layer (Methods). We find that aspect ratios easily reach values of 2 or 3 (or l/D of 4 or 6), regardless of initial perturbation wavelength. In this case cell dimensions between 20 and 40 km across could imply a layer thicknesses as small as ~3 to 6 kilometers. We note that while these depths are not excessive, they are deep enough to carry buoyant, km-scale water ice blocks. In addition, simulations with a free-slip lower boundary, which would apply to SP ice that is at or near melting at its base, yield aspect ratios as great as ~6 (l/D ~12).
Numerical simulations can be tested with SP by assuming reasonable heat flows downwellings. This means fine scale topography such as pitting or suncups driven by N2 sublimation 2 will be much more stable towards cell/polygonal edges, as the N2 ice there will be as cold and viscous as the surface to considerable depth, which is consistent with the observations of surface texture 2 (e.g., Fig. 2b ). We also find slight topographic dimples over downwellings in some of our calculations, which may be related to trough formation at cell edges (Fig. 2b) . The troughs themselves, however, are likely to be finite amplitude topographic instabilities of the sort seen on icy satellites elsewhere 23 , and are not captured by these convection calculations given that velocities normal to domain boundaries are set to zero.
Convection in a kilometers-thick N2 layer within Pluto's Sputnik Planum basin thus emerges as a compelling explanation for the remarkable appearance of the planum surface ( Fig. 1) . Sputnik Planum covers 5% of Pluto's surface, so having an N2 ice layer several kilometers deep is equivalent to a global layer of ~200-300 m thick. This is consistent with Pluto's possible total cosmochemical nitrogen inventory 24 The subtle topography of the raised cells within SP was determined from a preliminary photoclinometric (shape from shading) analysis (e.g., ref. 28), and is subject to further refinement of the photometric function for the bright cellular plains.
Photoclinometry offers high-frequency topographic data at spatial scales of image resolution, but can be poorly controlled over longer wavelengths. Photoclinometry is sensitive to inherent albedo variations, but can be especially useful for investigating features with assumed symmetry, such as impact craters, which allows a measure of topographic control. The ovular domes and bounding troughs of the bright cellular plains within SP are such symmetric features, and intrinsic albedo variations are muted in the absence of dark knobs or blocks, so photoclinometry is well-suited to determining elevations across individual cells within the bright cellular plains (Figs. 1d and 2b) .
Critical Rayleigh Numbers for Convection. Solid state viscosities h generally follow a
Arrhenius law h ~ exp(E*/RT) for any given rheological mechanism, where E* is the activation energy for the deformation mechanism in question, R is the gas constant, and T is absolute temperature. For any given temperature and stress, one deformation mechanism generally dominates over another 29 . Critical Rayleigh number values Racr for convection, for a layer heated from below with fixed upper and lower boundary temperatures, depend on the deformation mechanism (through the power-law exponent in the stress strain-rate relation n) and the viscosity contrast Dh across the layer due to the temperature difference DT. In what follows we adopt an exponential viscosity law based on a linear expansion of the Arrhenius law in E*/RT (the Frank-Kamenetskii approximation) to take advantage of previous theoretical and numerical work 13, 22, 30, 31 This is also an good approximation for the problem at hand because the temperature and viscosity contrast across a layer of volatile ices on Pluto is limited by the surface temperature of the ices on Pluto (37 K at the time of the New Horizons encounter) 1,25 and the melting temperature of N2 ice (63.15 K) 12 .
For an exponential viscosity law, the driving (exponential) rheological temperature scale is DTrh ~ RTi 2 /E*, where Ti a characteristic internal temperature of the convecting layer. The viscosity ratio across the layer due to temperature is then defined as Dh = 
where Racr(n) is the critical Rayleigh number for non-Newtonian viscosity with no temperature dependence (2038 for n = 1 and 310 for n = 2.2, based on numerical results
for rigid upper and lower layer or sublayer boundaries 32, 33 ). For large q, convection occurs in the stagnant lid regime, in which convective motions are limited to a sublayer below a rigid surface. This is not the regime SP operates in, but serves as a limiting case.
The transition from stagnant lid to sluggish lid convection, which does apply to SP, occurs at q ≈ 9, or Dh ≈ 10 
.
The minimum or critical volatile ice layer thickness Dcr above which convection can occur and below which it cannot follows as 31 ,
where k, r, and a are, respectively, the thermal diffusivity, density, and volume thermal expansion coefficient of the ice, and A is the preexponential coefficient in the stress strain-rate relationship. For N2 ice, this is either measured directly 4 or estimated theoretically 12 . The numerical factor in the denominator comes from the definition of viscosity and the conversion from laboratory geometry (A is measured in uniaxial compression) to the generalized flow law. For sluggish lid convection, we approximate Ti as Tb -DT/2, which is a slight underestimate for the problem under discussion, but one that makes Dcr in equation (3) an upper bound on the minimum thickness for convection.
Equation (3) does not explicitly depend on ice grain size d. The power-law exponent reported for nitrogen ice deformation (n ≈ 2.2) 4 suggests a grain-size sensitive regime such as a grain boundary sliding, as opposed to a purely dislocation creep or climb mechanism (which would be grain-size independent) 35 . Grain sizes in the nitrogen ice deformation experiments were not reported 4 , but it was noted that the grain sizes of similar experiments on methane ice were a few mm. This is a not atypical grain size for convecting upper mantle rock, deep polar glacial ice on Earth, and is plausible for convecting water ice within icy satellites of the outer Solar System 36 , so without further information we utilize the deformation experiment results for nitrogen 4 as is. Notably, however, in order for N2 ice to be identified spectroscopically at all on Pluto, very long optical path lengths are required (>> 1 cm) 37 , so the grain sizes of the convecting ice within SP may be much larger than a few millimeters. Because grain-size-sensitive rheologies typically have viscosities proportional to or , the presumed N2 ice in SP may be much more viscous than in the reported experiments 4 . On the other hand, the presence of convective cells in SP implies that the viscosity is not arbitrarily large. Grain Regarding the potential role of CO ice in SP, we note the near-perfect solid solution between solid N2 and CO, and close similarities in density, melting temperature and electronic structure 15 . Hence, if the deeper ice in SP were actually dominantly CO, it would behave much the same as pure N2 ice, with the proviso that an N2-CO ice solid solution under Pluto conditions would, for CO fractions greater than 10%, crystallize in the ordered a phase, as opposed to the disordered b phase of N2. We expect a-phase CO to be stiffer than its b-phase counterpart, based on the viscosity differences between ordered and disordered water ice phases 38 . We stress, however, that the surface of SP, whatever its precise composition, is itself not in the a phase, for if so the 2.16-µm N2 absorption feature would not be observed 37 .
Regarding the potential role of CH4 ice in SP, deformation experiments indicate similar behavior to that of N2 ice, but CH4 ice appears to be about 25 times more viscous than N2 ice (i.e., A is ~25 times larger at the same T and differential stress) 4 , and with a similar power-law index n. The minimum or critical Dcr for convection within SP from equation (3) would than be about double that in Fig. 3 if SP were in fact filled with CH4
ice, so the convection hypothesis is just as valid for CH4 ice as for N2 ice. The geological and compositional data point to an N2-dominated layer, however, as discussed in the main text.
Applying rheological data obtained in laboratory conditions to geological problems often requires extrapolation to different stress and strain conditions. For convection these conditions are lower stresses and strain rates. This is true whether one is modeling convection in the mantle of the Earth or another terrestrial planet (with peridotite), in the icy satellites of the giant planets (with water ice), or in the present case of Sputnik Planum (with volatile ices such as N2). The extrapolation is valid if the same stress mechanism or mechanisms dominate at the extrapolated conditions 38, 39 .
The n values reported for laboratory deformation of N2 ice and CH4 ice 4 are low enough (2.2 ± 0.2 and 1.8 ± 0.2, respectively) that it seems implausible that some power-law, dislocation mechanism (n ~ 3-5) becomes dominant at lower stresses. Rather, the only likely transition would be, depending on T, to volume or grain-boundary diffusion (n =1), which we already consider. Regardless, our understanding of N2 and other volatile ice rheology could be greatly improved, especially any dependence on grain size. Our present survey covers a range of Rab between 10 4 and 10 6 , and a range in Dh between 150 and 3000. This reflects our judgment that the convective regime represented by the cells in SP ranges from the obviously convectively unstable to the subcritical (i.e., stable) at the periphery of the basin (e.g., Fig. 2b ). The transition from cellular to noncellular plains could reflect several things, including shallowing of the volatile ice layer, lower heat flow, and in the case of non-Newtonian flow, an insufficient initial temperature perturbation 13, 31, 33 . The simplest explanation, however, for smaller cell sizes with distance from the center of SP (Fig. 1c) , and then a transition to level plains (no cells) towards the south (e.g., Fig. 2b ), is that the SP basin is shallower towards its margins, and particularly shallow towards its southern margin. This is consistent with the Calculated topography matches the scale seen within the bright cellular plains, and the average heat flow is consistent with radiogenic heat production in Pluto's rock fraction.
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